Analysis of the Neuroinflammatory Response to TLR7 Stimulation in the Brain
N euroinflammation, including astrogliosis and production of proinflammatory cytokines and chemokines, is a common finding following viral, bacterial, and parasitic infections of the CNS in both children and adults (1) (2) (3) (4) (5) (6) (7) (8) (9) . Neuroinflammatory responses are also observed in autism, Alzheimer's disease, and other neurological diseases of unknown etiology (10 -14) . The neuroinflammatory response may be a common mechanism of pathogenesis leading to neuronal damage and long-term neurological disorders (15) (16) (17) (18) .
The initiation of inflammation is often associated with the recognition of pathogen-associated molecular patterns (PAMPs), 3 the repeated structural motifs that are unique to microorganisms (19 -21) . These PAMPs are recognized by transmembrane-bound TLRs as well as cytoplasmic or mitochondrial-associated pattern recognition receptors (PRRs) (19 -21) . There are at least 11 identified TLRs in humans and 12 TLRs in mice (22) . Multiple TLRs are up-regulated in the CNS in response to pathogen infection (23) (24) (25) (26) . Of these receptors, several have been shown to contribute to neuroinflammatory responses and pathogenesis including TLR2, TLR3, TLR4, and TLR9 (27) (28) (29) (30) (31) (32) (33) . Intracerebroventricular (icv) administration of agonists for either TLR4 or TLR9 induced strong neuroinflammatory responses and damage in the CNS (27, 34) .
Two other TLRs that may play an important role in initiating innate immune responses in the CNS are TLR7 and TLR8. These receptors were originally identified as eliciting antiviral effects when stimulated by the family of guanosine-based imidazoquinoline compounds (35, 36) which includes imiquimod, loxoribine, and R-848. More recent studies identified the natural PAMP of TLR7 and TLR8 to be guanidine-uridine-rich ssRNA from viruses, suggesting that these receptors may be important modulators of the immune response to certain neurotropic viruses such as flaviviruses, paramyxoviruses, rhabdoviruses, and retroviruses. However, there remains a lack of basic understanding of the neuroinflammatory properties of TLR7 and TLR8.
Functional differences between mouse TLR7 and TLR8 have not been described; however, TLR7-deficient mice do not respond to imiquimod, R-848, or viral ssRNA. Furthermore, vesicular stomatitis virus and influenza A-induced IFN-␣ responses are suppressed in TLR7 Ϫ/Ϫ mice (37, 38) . This suggested that murine TLR8 may be biologically inactive in mice (35, 39) . However, recent studies have demonstrated that murine TLR8, but not TLR7, is expressed on neurons in utero and in the first 2 wk after birth in the neonatal brain (40) . Stimulation of neurons with TLR7/8 agonists induced caspase 3 activation and inhibited dendrite growth, suggesting that TLR8 may be functional in neonates and serves an important role in brain development (40) .
In the present study, we analyzed the downstream responses to TLR7 and/or TLR8 stimulation in the developing brain. For this, we administered different TLR7/8 agonists by icv inoculation in newborn mice and analyzed the neuroinflammatory responses within the CNS. These results revealed that TLR7/8 agonists differed in their ability to induce neuroinflammation. The agonists that did induce neuroinflammatory responses induced pronounced activation of astrocytes and the production of chemokines by several cell types in the CNS.
Materials and Methods

Mice
Inbred Rocky Mountain White (IRW) mice at 48 h after birth were used for the present study. TLR7-deficient C57BL/6 mice (35) were provided by S. Akira (Osaka University, Osaka, Japan) and were backcrossed with IRW mice for 10 generations. Since the Tlr7 gene is located on the X chromosome, male mice are either homozygous negative or homozygous positive for the Tlr7 gene. TLR7-deficient male mice were crossed with TLR7 heterozygous female mice generating litters consisting of Tlr7 ϩ/Ϫ females, Tlr7 ϩ males, Tlr7 Ϫ/Ϫ females, and Tlr7 Ϫ males; with ϳ50% Tlr7 positive (ϩ/Ϫ or ϩ) and 50% Tlr7 negative ( Ϫ/Ϫ or Ϫ). All of the animal procedures were conducted in accord with the Louisiana State University Animal Care and Use Committee guidelines.
Agonists of TLR4, TLR7, and TLR8
The TLR7 and/or TLR8 agonists, imiquimod (R837), loxoribine, 3M002 (CL075), CL087, and CL097 as well as the TLR4 agonist LPS were purchased from InvivoGen (35, 36, (41) (42) (43) (44) . All of the agonists were suspended in endotoxin-free water, aliquoted, and stored at Ϫ20°C until use. Just before use, agonists were diluted in endotoxin-free 1ϫ PBS/0.2% trypan blue. The vehicle control, 0.2% trypan blue in PBS, was used for mock inoculations.
Intracerebroventricular inoculations of newborn mice
Mice, at ϳ48 h after birth, were anesthetized by hypothermia, and 10 l (5 l/hemisphere) of the appropriate TLR agonist or vehicle control was inoculated into the lateral ventricles using a 33-gauge needle and a Hamilton syringe according to a previously established protocol (45, 46) . Correct ventricular inoculation was confirmed by observing trypan blue staining in the ventricles (45, 46) . Mice were inoculated icv with either 2 g of LPS, 50 g (200 nmol) of imiquimod, or 10 l of vehicle control (0.2% trypan blue in PBS). For the dose curve analysis, imiquimod was used at 20, 100, 200, or 500 nmol/mouse. The neuroinflammatory responses to imiquimod at the 100-nmol dosage were compared with the responses induced by other TLR7/8 agonists: loxoribine, 3M002 (CL075), CL087, and CL097 at a 100-nmol dosage.
Preparation of brain tissue for histological and molecular analysis
Animals inoculated icv with TLR7 or TLR4 agonists or vehicle control were anesthetized by deep inhalation anesthesia followed by axillary incision and cervical dislocation at the specified time points or at the end of the experimental protocol. Brains were removed and immediately cut into two halves by mid-sagittal dissection, snap frozen in liquid nitrogen, and stored at Ϫ80°C for molecular analysis. One half was used for RNA extraction and the other half was used for multiplex analysis of cytokine and chemokine production. Brains removed from the mice inoculated for in situ hybridization and/or immunohistochemistry were divided into four coronal sections using a brain matrix and fixed in 10% neutral-buffered formalin for 48 h before processing for histological analysis. Tissues were embedded in paraffin, cut in 4-m sections, adhered to coated microscope slides, and stained with H&E using an automated histological stainer. Stained sections were blindly graded for inflammatory changes, neural/glial degeneration and necrosis by a veterinary pathologist.
RNA extraction
Total RNA from the brain tissue was isolated using TRIzol reagent (Invitrogen), treated with DNase (Ambion) for 30 min at 37°C, and purified over RNA cleanup columns (Zymo Research) before use. RNA samples were converted to cDNA using an iScript reverse transcription kit (BioRad) according to the manufacturer's instructions. Before analysis by realtime PCR, following the reverse transcriptase reaction, samples were diluted 5-fold in RNase-free water for use in real-time PCR.
Analysis of mRNA expression by real-time PCR
The primers to detect Cd3, Ccl2, Cxcl10, F4/80, Gfap, Icam-1, Ifnb1, and Tnf cDNA were designed using Primer3 software (47) , with a melting temperature of 60°C for all primers (Table I ). All primer pairs were confirmed to be specific for the gene of interest, and no homology to other genes was detected when the primers were blasted against the National Center for Biotechnology Information database. A cDNA pool produced from mRNA from a macrophage cell line, an astroglia cell line, brain, and spleen tissue was used to analyze the specificity of primers. SYBR Green dye with ROX (Bio-Rad) was used for measurement of real-time PCR amplification. All samples were run in triplicate on a 384-well plate using a 7900 Applied Biosystems PRISM instrument with an automatic set baseline and a manual set critical threshold (CT) of 0.19, which intersects the mid-log phase of curves for all of the PCR pairs. The dissociation curves were used to confirm amplification of a single product for each primer pair per sample. A known positive control sample was run for the corresponding gene on all assays. RNA that did not undergo reverse transcription (DNA contamination control) and water were used as negative controls. Data for each sample were initially calculated as the percent difference in C T value (⌬C T ϭ C T Gapdh Ϫ C T gene of interest). The mean percent Gapdh values of mock samples for each time point were calculated and used to generate fold changes relative to mock expression for each group at each time point.
Multiplex analysis of cytokine and chemokine proteins
To generate tissue homogenates for analysis by multiplex bead array, brain samples were weighed and then homogenized in 200 l of Bio-plex cell lysis solution (Bio-Rad) containing complete mini-protease inhibitors (Roche Applied Science) and 2 mM PMSF (Sigma-Aldrich). Samples were homogenized using Kontes disposable pellet pestles (Fisher Scientific) and volumes were adjusted to 1 ml/200 mg of tissue with lysis buffer. Cellular debris was removed by centrifugation at 4500 ϫ g for 15 min at 4°C. Samples were analyzed for cytokine and chemokine protein expression using a BioSource 20plex assay (Invitrogen) on a Luminex 100 instrument (Bio-Rad) per the manufacturer's instructions. Samples were calculated as pg/ml using a standard curve from in-plate standards and subsequently converted to fg/mg brain tissue. For the majority of the positive samples (e.g., cytokine and chemokines at 12 h after imiquimod stimulation), the pg/ml concentration value was in the linear part of the standard curve.
In situ hybridization analysis
Due to the secreted nature of cytokines and chemokines, it can be difficult to detect the expression of these proteins or to determine their cellular source. In situ hybridization detects mRNA expression inside individual cells, thereby allowing for the detection of the cellular source of gene expression (48) . In brief, dewaxed and rehydrated tissue sections adhered to glass slides were fixed in 4% paraformaldehyde followed by denaturation of proteins using 200 mM HCl. The sections were then incubated with 10 g/ml proteinase K for 20 min. Sections were then dehydrated, incubated in chloroform, and then rehydrated. The sections were then incubated in 2ϫ SSC buffer (Invitrogen), followed by incubation with hybridization buffer (10% dextran sulfate, 0.01% sheared salmon sperm DNA, 0.02% SDS, and 50% formamide in 1ϫ SSC) at 56°C for 1-4 h. At the end of the incubation, digoxigenin (DIG)-labeled RNA antisense or sense probes were added to the sections, covered with hybridization coverslips, and incubated overnight at 56 o C. The slides were incubated in 2ϫ SSC to remove the coverslips, followed by incubation in 50% formamide in 1ϫ SSC for 60 min. Sections were incubated in blocking buffer (10ϫ blocking buffer diluted in 1ϫ maleic acid solution; Roche Biochemicals) and then incubated in a 1/100 dilution of alkaline phosphatase-conjugated anti-DIG Ab (Roche Molecular Biochemicals). The slides were then washed in blocking buffer, washed in 1ϫ TBS, and incubated in detection buffer (0.1 M Tris-HCl, pH 8.2). The slides were then incubated in Fast Red solution (5-mg Fast Red tablet in 2 ml of 0.1 M Tris-HCl (pH 8.2); Biomedia) using gasket coverslips (Grace Biolabs) until color developed in the slides from treated animals. No staining was observed in mock controls or with nonspecific probes.
Immunohistochemistry analysis of in situ sections
When sufficient color was developed by in situ hybridization, gasket coverslips were removed and the slides were washed in 1ϫ PBS. The sections were blocked in normal donkey serum blocking solution (PBS containing 2% donkey serum, 1% BSA, 0.1% cold fish skin gelatin, 0.1% Triton X-100, and 0.05% Tween 20) at 37°C for 60 min and incubated overnight at 4°C with polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) Ab (DakoCytomation) in normal donkey serum blocking solution. Following two washes of 10 min in PBS, goat anti-rabbit IgG Ab labeled with HRP conjugate (Invitrogen) was applied and incubated at room temperature for at least 30 min. Slides were washed twice in PBS and incubated in metalenhanced diaminobenzidine (Pierce). After sufficient color development, slides were washed twice in PBS, counterstained with hematoxylin, and covered with a glass coverslip using aqueous mounting medium (Lerner Laboratories).
TLR7 protein expression in astrocytes (C8D1A) and macrophages (RAW264.7) by flow cytometric analysis
RAW264.7 (ATCC TIB-71) and C8D1A (ATCC CRL-2541) were obtained from American Type Culture Collection and maintained according to American Type Culture Collection guidelines. Semiconfluent cultures of C8D1A and RAW264.7 cells were analyzed for TLR7 protein expression by intracellular staining. In short, cells were gently scraped off the plate, washed in PBS, and fixed for 20 min in 2% paraformaldehyde. Cells were permeabilized with 0.1% saponin in PBS (pH 7.0) and incubated with primary Abs, either polyclonal rabbit anti-bovine GFAP (DakoCytomation) or polyclonal rabbit anti-mouse TLR7 (Invitrogen) for 30 min at room temperature. Cells were washed twice with 0.1% saponin in PBS and incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular Probes) for 30 min at room temperature in the dark. Cells were washed twice with 0.1% saponin in PBS, resuspended in PBS, and analyzed on a FACSAria flow cytometer (BD Biosciences) using FACSDiva software (BD Biosciences). Data analysis was performed using FlowJo software (Tree Star).
Stimulation of astrocytes and macrophages in vitro with TLR7 agonists, imiquimod, and loxoribine
Semiconfluent cultures of C8D1A astrocyte cells or RAW264.7 cells were seeded into 6-well plates and stimulated with imiquimod or loxoribine at 100 M in 1 ml. Astrocyte cells were stimulated with imiquimod, loxoribine, or medium alone for 6, 12, 24, or 48 h in triplicate wells for each time point. Astrocyte cells were lysed within the well at specified time points and total RNA was extracted from the cells using a mini-RNA isolation kit (Zymo Research) according to the manufacturer's instructions.
Statistical analysis
All of the statistical analysis was performed using Prism software (GraphPad) and is described in the figure legends.
Results
Intracerebroventricular inoculation of TLR7 agonist induces a pronounced neuroinflammatory response in CNS
The first week after birth, the development of the neonatal mouse brain corresponds to the late second and early third trimester development of a human brain in terms of limbic and cortex development (49) . The first few days after birth in the mouse are ideal for icv inoculations due to ease of inoculation and the ability to readily confirm inoculation in lateral ventricles. We examined the ability of TLR7 stimulation at this time point to induce neuroinflammatory responses using the TLR7 agonist imiquimod. We compared these responses to stimulation with the TLR4 agonist LPS which is known to induce severe neuroinflammation and damage to the neonatal brain (50) . In addition, the comparison between TLR7 and TLR4 allows us to analyze the predicted differences in response between an intracellular PRR that recognizes viral products and extracellular PRR that primarily recognizes bacterial surface components.
Administration of the TLR7 agonist imiquimod induced a pronounced neuroinflammatory response in the brain at 12 h after inoculation with the up-regulation of mRNA for Ifnb1 (IFN-␤), Tnf (TNF), Ccl2 (MCP-1), and Cxcl10 (IFN-␥-inducible protein 10 (IP-10)) (Fig. 1) , cytokines, and chemokines commonly associated with virus-induced neuroinflammation (51) (52) (53) . In most cases, imiquimod-induced mRNA expression returned to basal levels by 48 h after stimulation, suggesting a short-term response. In contrast, LPS stimulation generally induced a longer term response with Ccl2 and Tnf mRNA expression still significantly up-regulated at 96 h after inoculation (Fig. 1) . The increase in cytokine and 
Optimal dose for TLR7-mediated inflammation
The ability of TLR7 to stimulate innate immune responses in the neonatal brain may be dose dependent. Imiquimod was administered at 20, 100, 200, and 500 nmol/mouse. No dose above 500 nmol was administered due to insolubility of the agonist. One hundred to 200 nmol of imiquimod was optimal for eliciting neuroinflammatory responses in the CNS at 12 h after inoculation, as demonstrated by up-regulation of mRNA for multiple cytokines such as Tnf, Ccl2, and Cxcl10 (Fig. 2) . Imiquimod at the 20-nmol dose did not stimulate any neuroinflammatory response, whereas 500 nmol of imiquimod induced higher responses for some cytokines and chemokines, but not others (Fig. 2) .
Analysis of cytokines and chemokines induced by imiquimod
Multiplex bead assays were performed to determine which cytokines and chemokines were up-regulated by stimulation of TLR7. Proinflammatory cytokines TNF, IL-1␣, IL-1␤, IL-6, and IL-12 and chemokines CCL2, CCL3 (MIP-1␣), CXCL1 (neutrophil-activating protein 3/KC), CXCL9 (monokine induced by ␥ IFN), and CXCL10 were up-regulated in the CNS following stimulation with imiquimod at 12 hours postinoculation (hpi; Fig. 3) . By 48 hpi, FIGURE 2. Cytokine response to imiquimod is dose dependent. Mice were treated as described in Fig. 1 , but using varying concentrations of imiquimod in 10 l of PBS/0.2% trypan blue. At 12 hpi, brain tissue was removed and processed for RNA. Samples were analyzed as described in Fig. 1 . Data are the mean Ϯ SD of three to seven mice per group and represent the combined data from two independent experiments. FIGURE 3. Increased protein expression of proinflammatory cytokines (A) and chemokines (B) in the CNS following stimulation with imiquimod. Mice were inoculated as described in Fig. 1 and tissues were removed at 12 or 48 hpi. One half of the sagitally divided brain was homogenized in lysis buffer containing protease inhibitors and analyzed for protein expression using a BioSource 20-plex bead array on a Bioplex Luminex system. Samples were calculated as pg/ml using a standard curve from in-plate standards and subsequently converted to fg/mg brain tissue. Data are the mean Ϯ SD of three mice per group. Statistical analysis was completed by one-way ANOVA with Newman-Keuls post test. ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; and ‫,ءءء‬ p Ͻ 0.001. only IL-12, CCL2, CCL3, and CXCL9 remained elevated compared with mock controls (Fig. 3) . Imiquimod administration did not induce the up-regulation of GM-CSF, IFN-␥, IL-5, IL-10, IL-13, or IL-17 at either time point (data not shown). LPS administration induced similar cytokines and chemokines to imiquimod, but with the additional up-regulation of IL-2 and IL-13 (data not shown). The increase of cytokine and chemokine production was substantially higher in the LPS-inoculated mice for almost all cytokines and chemokines, the exception being CXCL1 (data not shown).
Cellular responses in the CNS following TLR7 agonist administration
Since 12 hpi was the peak time for cytokine mRNA and protein production, we examined tissue samples from this time point for histological changes. All mice including mock controls had minimal to mild meningitis, characterized by infiltration of the meninges by variable numbers of neutrophils and lymphocytes. The cause of the minimal to mild meningitis in all mice is uncertain, but may be in response to the icv needle inoculations or the volume of liquid (10 l) injected. The mice inoculated with imiquimod developed, in addition to suppurative meningitis, moderate to severe suppurative ventriculitis, characterized by mild hemorrhage and infiltration of the lateral ventricles by neutrophils and lymphocytes (Fig. 4A) . The suppurative ventriculitis was the only consistent pathological change associated with imiquimod inoculation and was not observed in mock-or LPS-treated animals ( Fig. 4B and data not shown).
To examine cellular changes at the molecular level, we analyzed the mRNA expression of Gfap, which is up-regulated during astrocyte activation. Additionally, we analyzed mRNA expression of F4/80, a macrophage and microglia marker; Cd3 polypeptide (Cd3), a marker for T cell infiltration; and Icam-1, which is upregulated on peripheral endothelial cells following stimulation with TLR7 agonists (54) . Administration of imiquimod induced Gfap and Icam-1 mRNA expression at 12 hpi, but did not significantly alter the expression of either F4/80 or Cd3 mRNA at any of the time points analyzed (Fig. 5) . In contrast, LPS administration induced prolonged up-regulation of F4/80 mRNA to 96 hpi and increased expression of Cd3 mRNA at 13 days after inoculation (days post infection; Fig. 5 ). Thus, stimulation of either TLR7 or TLR4 resulted in astrocyte activation and up-regulation of adhesion molecules, but only TLR4 stimulation induced mRNA up-regulation of the microglia/macrophage marker F4/80.
To better understand which cells in the CNS were responding to agonist administration, we analyzed tissue samples from mice at 12 hpi by in situ hybridization. We analyzed cells for Ccl2 mRNA expression since this chemokine is often associated with viral infection in the CNS (45, 52) . Ccl2-positive cells in imiquimodtreated mice were located at the edges of the ventricles and spread out into the tissue (Fig. 4C) . Dual staining for GFAP expression demonstrated that the Ccl2-positive cells lining the ventricles (Fig.  6A) as well as in the tissue (Fig. 6B) were primarily astrocytes. Ccl2-positive cells were also detected in the choroid plexus (Fig.  4E) , with Ccl2-expressing ependymal cells and endothelia (Fig. 6E and data not shown) observed. Brain capillary endothelia located in the thalamus were also positive for Ccl2 (Fig. 6F) . Thus, multiple cell types respond to imiquimod stimulation including astrocytes, ependymal, and endothelial cells. In contrast, Ccl2-positive cells in LPS-treated mice appeared to be primarily infiltrating cells within the ventricles (Figs. 4, D and F, and 6C ). Astrocytes were not positive for Ccl2 mRNA in LPS-treated mice (Fig. 6D) . Thus, despite the common up-regulation of Ccl2 mRNA and protein by imiquimod and LPS, the cellular source of Ccl2 at 12 h after infection was different between these two agonists.
Comparison between TLR7/8 agonists
Recent studies have indicated that murine TLR8 is functional (55, 56) and that murine TLR8 can be stimulated on neurons (55, 56) . Differences in the chemical structure were shown to influence binding of agonists to human TLR7 and human TLR8 (Table II) (35, 36) . To investigate possible differences between these agonists in inducing neuroinflammation, we compared three TLR7 agonists (imiquimod, loxoribine, and CL087), a TLR8 agonist (3M002), and a TLR7/8 agonist (CL097) (Table II) . Interestingly, the ability of these agonists to induce cytokine/chemokine responses was not divided between TLR7 or TLR8 stimulation capabilities. Two TLR7 agonists (imiquimod and CL087) and the TLR8 agonist (3M002) induced similar levels of proinflammatory cytokines and chemokines (Fig. 7) . The TLR7/8 agonist, CL097, induced Ifnb1 and Cxcl10 mRNA expression, but did not induce the expression of Tnf or Ccl2 mRNA. Loxoribine, a TLR7 agonist similar to imiquimod, induced only minimal expression of proinflammatory cytokines and chemokines compared with the other agonists. Thus, TLR7/TLR8 agonists differed in their ability to induce proinflammatory responses in the CNS in mice.
TLR7 contributes to both the imiquimod-and 3M002-induced response
3M002 stimulated human TLR8 or mouse TLR8-transfected HEK cells, but not human TLR7-transfected HEK cells (41) . To investigate whether 3M002-induced neuroinflammation was mediated by TLR7 or TLR8, we used TLR7-deficient mice. As a control, we also analyzed imiquimod-induced neuroinflammatory responses in TLR7-sufficient and -deficient mice. Both imiquimod and 3M002 induced significant up-regulation of Ifnb1, Tnf, Ccl2 (MCP-1), and Cxcl10 (IP-10) mRNA levels in the brain of TLR7-sufficient (ϩ or ϩ/Ϫ) mice at 12 hpi (Fig. 8) . In contrast, imiquimod did not upregulate any of the cytokines or chemokines in TLR7-deficient (Ϫ/Ϫ or Ϫ) mice. This confirms that imiquimod up-regulated the proinflammatory cytokines and chemokines in the brain through the TLR7 pathway, not through TLR8. 3M002-induced cytokine and chemokine expression was greatly reduced in TLR7-deficient compared with TLR7-sufficient mice (Fig. 8B) . However, 3M002 did induce a low level of Ccl2 and Ifnb1 mRNA expression, indicating that 3M002 may also be stimulating through TLR8, albeit at a much lower level than TLR7 (Fig. 8B) .
Astrocyte response differs between imiquimod and loxoribine
The difference between the abilities of imiqumod and loxoribine to induce cytokine and chemokine responses in vivo (Fig. 7) was surprising since both agonists stimulate TLR7 in dendritic cells and macrophages (35, 36, 42) . Therefore, we compared the ability of these agonists to stimulate cells in vitro. Since astrocytes were one of the primary cell populations to respond to imiquimod stimulation, we examined the ability of imiquimod and loxoribine to stimulate the astrocyte cell line C8D1A. As a positive control, we 
used the macrophage cell line RAW264.7. Both cell types express TLR7 as detected by intracellular flow cytometry staining (Fig. 9,  A and B) . Imiquimod stimulation of C8D1A cells induced high levels of Tnf mRNA (Fig. 9C) . In contrast, only low levels of Tnf mRNA were expressed following loxoribine stimulation. As expected, both loxoribine and imiquimod induced up-regulation of Tnf mRNA expression in a macrophage cell line (Fig. 9D) . Thus, the difference between the responses to imiquimod and loxoribine in vivo may be due to their abilities to activate certain cell types of the CNS, such as astrocytes.
Discussion
Although TLR7 is a known mediator of immune responses to ss-RNA viruses, very little is known about the role of this receptor in neuroinflammation. In the present study, we demonstrated that a single inoculum of a TLR7 agonist was sufficient to induce a pronounced neuroinflammatory response, including the production of multiple proinflammatory cytokines and chemokines, as well as the activation of astrocytes. The duration of the response was limited as both cytokine and chemokine induction and astrocyte activation waned by 48 h after stimulation. Thus, TLR7 stimulation induced a short, but pronounced, neuroinflammatory response in the CNS and did not induce any obvious signs of distress. This contrasts with other TLR agonists such as LPS or CpG DNA which can induce neuronal apoptosis and/or animal death with a single icv administration (30, 57) . The neuroinflammatory responses induced by imiquimod stimulation in the brain were of short duration compared with LPS stimulation (Fig. 1) . One possible reason for this is the anatomical location of these TLRs on the cells. TLR4 is located on the cell surface, whereas TLR7 is present within the cell on endosomal membranes. The polysaccharide side chains of LPS located on the bacterial surfaces can stimulate TLR4 located on the cell membranes directly. To stimulate TLR7 during viral infections, ssRNA must directly interact with the endosomal membranes either by direct uncoating in the endosomal membranes or by autophagy from the cytoplasm (58). This would limit the activation of cells to either infected cells or phagocytic cells surrounding the site of infection.
Another possible reason for the differences in neuroinflammatory responses induced by TLR7 and TLR4 agonists is that the structural complexity of the TLR7 agonists is quite different from that of the TLR4 agonists. The TLR4 agonist LPS is a large complex molecule consisting of lipids and polysaccharides. The TLR7 agonists used in the present study are small synthetic compounds which may be degraded rapidly. This may also be pertinent to the responses to bacterial vs viral infections, with bacterial LPS remaining stable and viral ssRNA being degraded by RNases. Thus, a robust viral infection with generation of substantial RNA particles may be needed to elicit an equivalent viral-mediated neuroinflammatory response. This is supported by observations of the inflammatory response to retrovirus infection in the CNS where peak chemokine mRNA expression correlated with peak viral RNA expression (45, 53, 59) . Interestingly, the chemokine mRNA response started to decline at the approximate time when virus levels plateaued in the brain (45, 53, 59) .
One of the primary differences in the response between imiquimod and LPS stimulation was the source of Ccl2 mRNA (Figs. 4 and 6). In imiquimod-treated animals, the predominant cell type producing Ccl2 mRNA was astrocytes, although not all astrocytes expressed Ccl2 mRNA. CCL2 expression by astrocytes has been observed with virus infection, multiple sclerosis, and Alzheimer's disease (45, 60, 61) . In contrast, astrocytes from LPS-stimulated animals were not positive for Ccl2 mRNA (Figs. 4 and 6 ), although it is possible that these cells do express Ccl2 mRNA at later time points following infection. However, the majority of the Ccl2-producing cells in the LPS-inoculated mice at 12 hpi were infiltrating cells, suggesting that most of the inflammatory response was also from infiltrating cells rather than the resident glial cells.
Dose curve analysis of imiquimod administration indicated that 100 -200 nmol induced neuroinflammation, while 5-fold higher or lower concentrations did not. Possibly high concentrations of agonist overwhelm cells, resulting in the limitation of the production of proinflammatory cytokines and chemokines. Alternatively, at higher concentrations, individual agonists may aggregate, resulting in a diminished uptake by cells in the CNS.
In the current study, not all of the TLR7/8 agonists used induced neuroinflammatory responses. For example, the TLR7 agonist imiquimod induced astrocyte responses both in vivo and in vitro, whereas the TLR7 agonist loxoribine did not. In contrast, both imiquimod and loxoribine induced responses in macrophages, as have been reported for plasmacytoid dendritic cells and B cells (35, 36) . These variations in neuroinflammatory responses among the TLR7/8 agonists used in the present study could be due to differential uptake of individual agonists by certain cell types. Possibly, loxoribine is not endocytosed by astrocytes as readily as imiquimod. It is also possible that astrocytes express other proteins in the endosome or on the cell surface that may preferentially bind loxoribine. Thus, a comparison between complementary agonists may be necessary to differentiate the functional responses to TLR7 or TLR8 in different cell types.
TLR7 and TLR8 are highly homologous and their distinct roles in innate immune responses are still being analyzed (36, 39) . In our current study, the human TLR8 agonist 3M002 induced similar neuroinflammatory responses to the TLR7 agonists. However, this response appeared to be mediated primarily by TLR7, not TLR8. This agrees with in vitro studies in which 3M002 stimulation of human TLR8 but not mouse TLR8 induced NF-B activation (41) .
Thus, in the mouse, 3M002 appears to stimulate primarily through TLR7 rather than TLR8.
TLR agonists are currently being studied as immune activators or immune response modifiers to enhance vaccines, improve the immune response to different cancers, and treat viral infections (62) (63) (64) (65) . In the present study, certain TLR7/8 agonists induced substantial proinflammatory responses in the CNS in terms of cellular activation and production of proinflammatory cytokines and chemokines, without inducing overt damage. This suggests that the TLR7/8 agonists may be used as immune response modifiers for diseases and conditions affecting the CNS provided they can cross the blood-brain barrier. These studies also demonstrate that TLR7/8 agonists can differ widely in their ability to induce neuroinflammation, as some of the agonists induced only minimal responses in the brain. Thus, agonists such as loxoribine may be effective in enhancing peripheral immune responses and yet limit the activation of glial cells and production of proinflammatory cytokines in the CNS. The differences between these immune response modifiers in inducing inflammatory responses may be beneficial when targeting a specific organ or cell type.
